Abstract DNA was isolated from the cotyledons of cucumber seedlings irradiated with ultraviolet (UV)-C (254 nm) or UV-B+UV-A (280-360 nm; maximum energy at 312 nm) at various fluence rates and durations. Following enzymatic hydrolysis of DNA, the content of 8-hydroxy-
Introduction
Plants use sunlight for photosynthesis and, as a consequence, they are exposed to the ultraviolet (UV) light present in sunlight. UV light can harm living organisms in many ways, and in plant cells the genome is one of the most important targets of the UV light. Two major products of the direct damage caused to plant genomic DNA by UV light are dimers of adjacent pyrimidines, namely, cyclobutane pyrimidine dimers (CPDs) and pyrimidine-(6-4)-pyrimidone photoproducts [(6-4) photoproducts] (Michell 1988; Michell and Nairn 1989) . Pyrimidine dimers inhibit both the transcription and replication of DNA, resulting in impaired growth and mutagenesis during DNA replication if these lesions remain unrepaired (Britt 1996) . As plants are constantly exposed to UV light, they have evolved defense mechanisms to limit DNA damage resulting from exposure. Photorepair, a light-dependent repair process that directly converts pyrimidine dimers to their intact monomer bases, is widely accepted to be the main repair pathway in plants (Pang and Hays 1991; Takeuchi et al. 1996; Taylor et al. 1996) . This photorepair process is catalyzed by CPD-specific or (6-4)photoproduct-specific DNA photolyases (Todo et al. 1993; Ahmad et al. 1997) , which absorb light in the UV-A/blue region and utilize the light energy to repair dimers (Sancar 1994; Takeuchi et al. 1998; Hada et al. 2000b ). As such, many studies on the effects of UV irradiation have focused on the formation and repair of CPDs and (6-4)photoproducts, and biochemical characterization of nonpyrimidine dimer damage, including single-or double-strand DNA breaks, protein-DNA and DNA-DNA cross-links, sister chromatid exchange, and the formation of the micronucleus, remains to be elucidated in plant cells.
During normal cellular metabolism, plants continuously produce reactive oxygen species (ROS), such as hydroxyl radicals, superoxide anions, hydrogen peroxide (H 2 O 2 ) and singlet oxygen, but they also simultaneously scavenge these ROS with the help of antioxidant enzymes and/or metabolites (Asada 1999) . Although only a few investigators have reported to have measured the amounts of ROS in plant tissues exposed to UV light (Dai et al. 1997) , it is generally accepted that high doses of UV light induce oxidative stress in plant cells (A-H-Mackerness et al. 2001; Brosché and Strid 2003; Frohnmeyer and Staiger 2003) . ROS may attack a variety of susceptible enzymes and ultrastructural cell components with damaging effects. In recent years, evidence has accumulated that UV light is capable of inducing oxidative DNA damage through a different mechanism than the induction of pyrimidine dimers ). One of the abundant oxidized DNA bases is 8-hydroxy-
, a well-established biomarker that has been closely identified with carcinogenesis and aging in animal cells (Floyd 1990; Aces and Gold 1991) . Despite its harmful effects, little is known about oxidative DNA damage in plant cells exposed to oxidative stress (Floyd et al. 1989) .
In the investigation reported here, we used a highperformance liquid chromatography-electrochemical detector (HPLC-ECD) system to measure the 8-OHdG levels in DNA isolated from cucumber cotyledons irradiated with polychromatic or monochromatic UV light. We also attempted to determine the content of H 2 O 2 in cucumber cotyledons in order to clarify the correlation between induction of oxidative DNA damage and the accumulation of ROS in cucumber cotyledons irradiated with UV light.
Materials and methods

Plant materials
Seeds of cucumber (Cucumis sativus L. cv. Hokushin) were sown on artificial soil enriched with fertilizer as described by Takeuchi et al. (1985) in plastic pots [6.5 (diameter) × 5.5 cm]. The seedlings were grown in a temperaturecontrolled greenhouse at 25°C and then transferred to a growth cabinet.
For in vitro culture of etiolated cotyledons, cucumber seeds were germinated and the seedlings allowed to develop on wet paper towels for 5 days at 25°C in darkness. Cotyledons were then excised from the seedlings and placed on filter paper on the bottom of a 5-cm-wide, stainless-steel petri dish (12 per dish) to which 2 ml of 20 mM potassium phosphate buffer (pH 6.0) containing 20 mM KCl was added as a growth medium (Takeuchi and Amino 1984) . Each dish was covered with a quartz plate and sealed with Parafilm (American National Can Co., Conn.).
UV irradiation
All of the irradiation experiments were carried out in a growth cabinet maintained at 25°C. UV-C (bright line at 254 nm) was supplied by a germicidal lamp (model GL15; Toshiba, Tokyo, Japan). Polychromatic UV-B+UV-A (280-360 nm; maximum energy at 312 nm) was supplied by a fluorescent sunlamp (model TL 40W/12RS; Philips, Eindhoven, The Netherlands). Cucumber seedlings were directly exposed to UV light, and the UV intensity was measured at the level of the plant height. Etiolated cotyledons cultured in vitro were irradiated with UV light through a quartz plate, and the UV intensity was measured after covering a sensor with a quartz plate. The flux densities of UV-C and UV-B were measured with a UV-C sensor (model: DIH-254) and a UV-B sensor (model: DIH-300) connected with a UV digital radiometer (model DRC-100X; Spectronics Co., New York, N.Y.), respectively, and were adjusted by changing the distance between plant materials and UV lamps.
Monochromatic light was provided by the large spectrograph at the National Institute for Basic Biology, Okazaki, Japan (Watanabe et al. 1982 ). Photon fluence rates were determined by a photon density meter (model PFDM-200LX; Rayon Industrial Co., Tokyo, Japan) and adjusted using neutral density filters (Hoya Co., Tokyo, Japan).
Isolation and hydrolysis of DNA DNA was extracted from cucumber cotyledons following the procedure of Doyle and Doyle (1990) modified by Hada et al. (2000a) using hexadecyltrimethylammonium bromide (CTAB). To prevent oxidation of the DNA during isolation, as many of the procedures as possible were carried out in a N 2 chamber. One cotyledon was homogenized in 1.0 ml of DNA extraction buffer [100 mM Tris-HCl buffer (pH 7.0) containing 2% CTAB (w/v), 1.4 M NaCl, 20 mM EDTA]. The homogenate was heated to 65°C for 30 min and then centrifuged at 10,000 g for 10 min. An equal volume of chloroform-isoamyl alcohol (24:1, v/v) was added to a 1-ml aliquot of the supernatant, and the samples mixed and centrifuged at 10,000 g for 5 min. A 900-µl aliquot of the upper phase was mixed with 600 µl of cold isopropyl alcohol and the mixture kept at −80°C for 10 min to precipitate the DNA. After centrifugation, the pellet was washed with 0.8 ml of ethanol, dried, and dissolved in 200 µl of TE buffer [10 mM This-HCl (pH 8.0) buffer containing 1 mM EDTA]. Then, 10 µl of RNase A (DNase-free; Nippon Gene Co., Toyama, Japan; 10 mg ml −1 ) was added to the solution. Following an incubation at 37°C for 30 min, the DNA was precipitated by mixing with 120 µl of a 20% (w/v) solution of polyethylene glycol 6000 (Wako Pure Chemical Ind., Osaka, Japan) containing 2.5 M NaCl. The DNA obtained was washed with ethanol, dried, and redissolved with 200 µl of TE buffer. DNA solutions obtained separately from three cotyledons were combined, and 60 µl of 3 M sodium acetate and 1320 µl of cold ethanol were added. Following storage at −80°C overnight, the DNA was precipitated by centrifugation at 10,000 g for 30 min, washed with ethanol and dried. A DNeasy Plant Mini kit (Qiagen Science, Germantown, Md.) was used to extract the DNA from etiolated cotyledons cultured in vitro. Six cotyledons were homogenized, and successive manipulations were carried out according to the manufacturer's instructions. DNA from 12 cotyledons was combined and used as the sample for enzymatic digestion.
Enzymatic hydrolysis of DNA was carried out by the method of Wei et al. (1996) . DNA obtained was dissolved in 50 µl of 10 mM Tris-HCl buffer (pH 7.0), and 6 U of nuclease P1 (Wako Pure Chemical Ind.) in 10 µl of 0.5 M sodium acetate was added. Following an incubation at 37°C for 30 min, 7.5 µl of alkaline phosphatase (1 U µl −1 ; Nippon Gene Co.) and 72.5 µl of 0.4 M Tris-HCl buffer (pH 7.5) were added and the mixture incubated at 37°C for 30 min.
8-OHdG determination
The 8-OHdG levels in the DNA hydrolysate were quantitated using the HPLC-ECD system described by Floyd et al. (1986) . An Ultrasphere ODS column (4.6 × 25 cm; Beckman Coulter, Fullerton, Calif.) was used as the analytical column, with a guard column (4.6×4.5 cm; Beckman Coulter) inserted into the flow path of the analytical column. HPLC was carried out with a 880-PU solvent delivery system (Japan Spectroscopic Co., Tokyo, Japan) equipped with a UV detector (875-UV, Japan Spectroscopic Co.) and a ECD (model: Coulochem II; ESA, Chelmsford, Mass.). The eluent buffer contained 7% (v/v) methanol and 10 mM NaH 2 PO 4 at a flow rate of 1 ml min −1 . The 8-OHdG levels were calculated by calibration against curves established from HPLC runs of standard samples containing known amounts of authentic 8-OHdG and dG, and expressed as the number of 8-OHdGs per 10 5 total dGs. Standard deoxynucleosides and 8-OHdG were purchased from Sigma Chemical (St. Louis, Mo.) and Wako Pure Chemical Ind., respectively.
In situ detection of H 2 O 2
To visualize H 2 O 2 in cucumber cotyledons, we used 3,3′-diaminobenzidine (DAB) staining as described by Torres et al. (2002) . After UV irradiation, the cotyledons were vacuum-infiltrated with 1 mg ml −1 DAB-HCl (pH 3.8), and then placed on wet filter paper on the bottom of a petri dish. When brown precipitates were observed, these were fixed with a mixture of ethanol, lactic acid and glycerol (3:1:1, v/v/v).
Extraction and measurement of H 2 O 2
The extraction of H 2 O 2 from the cucumber cotyledons was carried out according to the method of Patterson et al. (1984) with slight modifications. Three cotyledons were frozen with liquid nitrogen and ground into a powder with a chilled mortar and pestle together with 0.1 g of activated charcoal. The powder was suspended in 0.7 ml of 5% (w/v) trichloroacetic acid and centrifuged at 10,000 g for 15 min. The supernatant was immediately filtered with a Millex filter (Millipore, Billerica, Mass.) to remove any trace of precipitated protein and activated charcoal. The filtrate was adjusted to pH 7.0 with NH 4 OH and diluted with water to 50 ml. Quantification of H 2 O 2 was performed by the chemiluminescence reaction with luminol as described by Warm and Laties (1982) with some modifications. After a test tube containing 50 µl of the test solution was placed in the measuring chamber of a luminometer (Lumat LB 9507; EG&G Berthold, Bad Wildbad, Germany), it was automatically injected with 50 µl of 0.5 mM luminol in 0.2 M NH 4 OH (pH 9.5). After 1.2 s, the assay was initiated with a second automatic injection, one containing 50 µl of 0.5 mM K 3 Fe(CN) 6 in 0.2 M NH 4 OH. The emitted photons were counted over a 5-s time interval beginning 1 s after initiation of the assay. The specificity of the chemiluminescence reaction for H 2 O 2 was verified by adding 25 U of catalase (from bovine liver; Sigma Chemical) to a 500-µl aliquot of the test solution. To another aliquot, heat-denatured enzyme was added. Following an incubation for 10 min at 30°C, the chemiluminescence reactions of the two samples were recorded. The difference between the two measurements is considered to be the H 2 O 2 -specific chemiluminescence reaction. To compensate for any degradation of H 2 O 2 during extraction, the H 2 O 2 content was calculated by calibration against curves obtained from runs of standard samples containing known amounts of authentic H 2 O 2 .
Results
8-OHdG formation in the cotyledons of cucumber seedlings irradiated with UV light
Under the experimental conditions described in the Materials and methods, 20 fmol of 8-OHdG (1 pmol ml −1 ) could be quantitated by the HPLC-ECD system. Figure 1 shows typical elution profiles for 8-OHdG in the enzymatic hydrolysates of DNA isolated from cucumber cotyledons. A respectable peak of 8-OHdG, which was identified by comparing the retention time with that of authentic sample and confirmed by co-chromatographs, was observed in an HPLC-ECD chromatogram of the hydrolysate of DNA isolated from cotyledons irradiated with UV-C (Fig. 1a) . A trace amount of 8-OHdG was detectable in DNA from unirradiated cotyledons (Fig. 1b) . It is difficult to clarify whether this latter amount is innately present in DNA or was derived from the oxidation of dG during DNA isolation. Figure 2 shows the time course and the dose-response of 8-OHdG formation induced by UV-C irradiation. The level of 8-OHdG in the cotyledons irradiated with UV-C was almost constant during the first 6 h of UV-C irradiation, and thereafter increased (Fig. 2a ). This increase in the level of 8-OHdG depended on the intensity of UV-C (Fig. 2b) . Figure 3 indicates the effects of polychromatic UV-B irradiation on the level of 8-OHdG in the cotyledons of cucumber seedlings. In the same manner as UV-C irradiation, the level of 8-OHdG increased after a 6-h initial lag period (Fig. 3a) , and the extent of increase varied according to the dose of irradiation (Fig. 3b) .
8-OHdG formation in cucumber cotyledons cultured in vitro under UV light
Since solar radiation changes diurnally and seasonally and is affected by clouds and aerosols, the physiological conditions of the cotyledons of seedlings grown in a greenhouse are not uniform. Therefore, we also examined the effects of UV irradiation on the level of 8-OHdG using etiolated cotyledons as the experimental plant material. Cotyledons were excised from cucumber seedlings that had been grown in the dark and then cultured in vitro under UV irradiation. Under the conditions of the present study, the fresh weight of the cotyledons increased about 1.2-fold after 24 h of incubation. UV irradiation did not affect the increase in fresh weight. Figure 4 shows the time course of 8-OHdG formation induced by UV-C irradiation: there was no initial lag period, and the 8-OHdG level increased almost linearly up to 24 h of irradiation.
Monochromatic UV light was provided by the large spectrograph at the National Institute for Basic Biology (Watanabe et al. 1982) . Since the threshold sample box used for irradiation with vertical incident light is too small to enable multiple green seedlings to be irradiated, we used an in vitro culture system of etiolated cucumber cotyledons as an experimental plant material. at 270 nm), the levels of 8-OHdG in the cotyledons irradiated with UV light were not significantly different from those of the dark control. However, in an experiment utilizing high-dose irradiation (7.1-7.5 µmol m −2 s −1 ), the levels of 8-OHdG were higher in the cotyledons irradiated with UV light at 270 nm or 290 nm than in those cotyledons irradiated with UV light above 310 nm or in the dark control. This result indicates that UV-C is more effective than UV-B or UV-A in inducing oxidative DNA damage.
Accumulation of H 2 O 2 induced by UV irradiation
Since DAB polymerizes on contact with H 2 O 2 in a reaction requiring peroxidase, H 2 O 2 is visualized in situ as a reddishbrown precipitate (Torres et al. 2002) . Brown precipitates were observed after 3 h of UV-C irradiation, with the amount appearing to increase with continuing UV irradiation thereafter; however, almost no stain was detected in unirradiated cotyledons (Fig. 6a) . We then attempted to extract H 2 O 2 from the cucumber cotyledons and to determine H 2 O 2 concentration in the extract utilizing a chemiluminescence method. Figure 6b shows the time course of H 2 O 2 accumulation in cucumber cotyledons irradiated with UV light. The content of H 2 O 2 showed a tendency to increase with UV irradiation without a lag period. Floyd et al. (1989) demonstrated that the exposure of pea and bean plants to ozone resulted in the formation of 8-OHdG in chloroplast DNA. In the present study, we showed that UV irradiation caused an accumulation of ROS, thus mediating the formation of 8-OHdG in cucumber cotyledons. The formation of 8-OHdG induced by UV irradiation was detected not only in green cotyledons (Figs. 1-3 ) but also in etiolated cotyledons cultured in vitro (Figs. 4, 5) . We detected H 2 O 2 as an indicator of ROS accumulation (Fig. 6 ). H 2 O 2 is rather stable, but the other ROS are relatively short-lived in cells (Asada 1999) . While it has been clearly demonstrated that UV irradiation may generate ROS, which consequently induce cell and DNA damage, the actual identities of the ROS species involved in UV-induced oxidative DNA damage are still uncertain. The hydroxyl radical was originally thought to be the most likely ROS candidate for attacking and oxidizing dG (Kasai and Nishimura 1984) . Floyd et al. (1988) studied extensively the formation of 8-OHdG using a variety of hydroxyl radical generating systems, including a study of 8-OHdG formation in calf thymus DNA following exposure to UV light and H 2 O 2 . However, more recent evidence indicates that other types of ROS are involved in UV-induced oxidative DNA damage Zhang et al. 1997; Liu et al. 1998 ). We previously demonstrated that exogenous application of hydroquinone, a scavenger of the superoxide anion, to etiolated cotyledons cultured in vitro restored the growth inhibition induced by UV-B irradiation (Takeuchi et al. 1995) . Therefore, in the present study, we included an examination of the effects of ROS scavengers, including hydroquinone, on the level of 8-OHdG in etiolated cotyledons irradiated with UV light. However, these ROS scavengers had no significant effect on 8-OHdG level in the cotyledons (data not shown), suggesting the possibility that the growth inhibition induced by UV-B irradiation is not due to oxidative DNA damage. Reactive oxygen species are highly reactive and generated in cells during normal metabolic processes such as oxygen respiration or photosynthesis. Consequently, the oxidation of DNA occurs spontaneously, and various products of oxidative DNA damage accumulate naturally over time. 8-OHdG can pair with the adenosine and cytidine nucleotides with almost equal efficiency during DNA replication. Therefore, the presence of 8-OHdG residues in DNA causes A:T to C:G, or G:C to T:A transversions unless repaired prior to DNA replication (Cheng et al. 1992; Kamiya et al. 1995) . To counteract the mutagenic effects of 8-OHdG, organisms have developed multiple defense mechanisms. Extensive studies of Escherichia coli have revealed that MutT, MutM, and MutY proteins contribute to preventing mutations that would otherwise be caused by (Michaels and Miller 1992; Tajiri et al. 1995) . As plants utilize light energy for photosynthesis, they are thought to be exposed to more ROS than other organisms. The photosynthetic reaction itself gives rise to ROS and, furthermore, the UV component in sunlight directly produces ROS in cells. Therefore, plants should be equipped with efficient error avoidance mechanisms directed against the effects of 8-OHdG. However, very little information is currently available on these mechanisms in plant cells (Ohtsubo et al. 1998) . Future studies on the 8-OHdG repair process will shed light on the defense mechanisms that plants use to counter the detrimental effects of environmental factors leading to oxidative stress.
Discussion
